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ABSTRACT 
The ability of a basidiomycete laccase, in a sequence including several successive 
laccase-mediator and alkaline-extraction treatments, to modify and remove lignin from 
whole woody (Eucalyptus globulus) and non-woody (Pennisetum purpureum) plant 
materials is demonstrated (resulting in up to 48% and 32% removal of initial E. globulus 
and P. purpureum lignin, respectively). Two-dimensional nuclear magnetic resonance of 
the treated materials, swollen in dimethylsulfoxide-d6, revealed the differential removal of 
p-hydroxyphenyl, guaiacyl and syringyl lignin units, and a moderate removal of p-
coumaric acid (present in P. purpureum) without a substantial change in polysaccharide 
cross-signals. However, the most noticeable change observed was the strong increase of 
Cα-oxidized syringyl units (representing up to 60% of all the lignin units in the treated 
eucalypt wood) in agreement with the mechanism of lignin attack by laccase-mediator 
proposed after model dimer studies. Paralleling lignin removal, a positive effect on sugar 
and ethanol yield was also observed. 
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INTRODUCTION 
Biotechnology can contribute to plant biomass deconstruction in lignocellulose 
biorefineries for the sustainable production of chemicals, materials and fuels, by providing 
biocatalysts being able to degrade or modify lignin [1,2]. Physical, chemical and biological 
pretreatments are being studied for deconstructing lignocellulosic biomass and removing 
lignin. Most biological pretreatments for delignifying lignocellulosic materials employ 
lignin-degrading fungi from the group of white-rot basidiomycetes [3,4] but such 
pretreatments require long application periods.  
  
In the present study, eucalypt (Eucalyptus globulus) and Elephant grass (Pennisetum 
purpureum), two fast growing plant species, were treated with the so-called laccase-
mediator system [5], which has been often investigated for paper pulp delignification [6]. 
The eventual modification of cell-wall polymers during the enzymatic treatment of the 
whole plant material was analyzed by heteronuclear single quantum correlation (HSQC) 
solution NMR of gels prepared by lignocellulose swelling in dimethylsulfoxide-d6 [7,8]. In 
addition to lignin removal, the effect of the enzymatic treatments on sugar and ethanol 
yield from the two pretreated lignocellulosic materials was also assessed. 
EXPERIMENTAL 
Milled Elephant grass and eucalypt samples (2 g) were treated with different doses (10, 
25 and 50 U·g-1, estimated by ABTS oxidation at pH 5) of Trametes villosa laccase (from 
Novozymes) in the presence (or absence) of 2.5% 1-hydroxybenzotriazole (HBT) at 6% 
consistency in 50 mM tartrate (pH 4) under O2 atmosphere (2 bars) and 170 rev·min-1 
shaking for 24 h at 50ºC. After washing, samples (6% consistency) were submitted to a 
peroxide-reinforced alkaline extraction using 1% NaOH and 3% H2O2 at 80ºC for 90 min 
[6]. Cycles of four successive enzyme-extraction treatments were applied. Treatments 
with laccase alone and controls without laccase and mediator, were also performed 
(followed by the corresponding alkaline extractions). Klason lignin content was estimated 
according to T222 om-88 [9]. 
 
For NMR analyses, 50-60 mg of whole samples were swollen in dimethylsulfoxide-d6 and  
HSQC spectra were acquired at the gel state [7,8]. A Bruker Biospin (Billerica, MA) 
AVANCE 500 MHz spectrometer fitted with a cryogenically cooled 5-mm TCI gradient 
probe with inverse geometry (proton coils closest to the sample) was used. The 13C-1H 
correlation experiment was an adiabatic HSQC experiment (Bruker standard pulse 
sequence ‘hsqcetgpsisp.2’; phase-sensitive gradient-edited-2D HSQC using adiabatic 
pulses for inversion and refocusing). Spectra were acquired from 10 to 0 ppm in F2 (1H) 
with 1000 data points for an acquisition time (AQ) of 100 ms, an interscan delay (D1) of 
500 ms, 200 to 0 ppm in F1 (13C) with 400 increments (F1 acquisition time 8 ms) of 40 
scans. The 1JCH used was 145 Hz. Processing used typical matched Gaussian 
apodization in 1H and a squared cosine bell in 13C. Prior to Fourier transformation, the 
data matrices were zero filled up to 1,024 points in the 13C dimension. The central solvent 
peak was used as an internal reference (δC/δH 39.5/2.49). The aromatic 13C-1H correlation 
signals of the different lignin units were used for semi-quantitative estimation of its 
composition in p-hydroxyphenyl (H), guaiacyl (G), syringyl (S) and Cα-oxidized syringyl 
(S') units, and the p-coumaric acid and ferulic acid contents referred to total lignin 
(estimated as H+G+S+S'). Signal assignment was based on previous studies on E. 
globulus and P. purpureum lignins [10,11]. 
 
For saccharification and fermentation studies, the laccase-pretreated samples were 
hydrolyzed with a cocktail containing commercial enzymes (from Novozymes) with 
cellulase (Celluclast 1.5 L; 10 FPU·g-1) and β-glucosidase (Novozym 188; 500 nkat·g-1) 
activities, at 1% consistency in 3 mL of 100 mM sodium citrate buffer (pH 5) for 72 h at 45 
ºC, with magnetic stirring (in triplicate experiments). The amount of total sugars released 
during the enzymatic hydrolyses was determined by the dinitrosalicylic acid (DNS) 
method [12]. The different monosaccharides present were analyzed in a Waters Alliance 
2795 high performance liquid chromatography (HPLC) system with an Aminex HPX-87H 
column (BioRad) and a Waters 2410 refractive index detector, using 5 mM H2SO4 (0.6 
ml·min-1) as eluent. To improve the separation of the monosaccharides, a HPLC Fast 
Acid Analysis column (BioRad) was included before the above column, and a Cation-H 
Refill cartridge (BioRad) was added as a pre-column to remove impurities. Glucose, 
xylose and arabinose were used as standards. Simultaneous saccharification and 
fermentation was conducted at 10% consistency in a 25-mL volume in Erlenmeyer flasks 
with airlocks (triplicate experiments). The biomass was pre-hydrolysed for 6 h at 45°C as 
described in section 2.4, RedStar yeast (from Lesaffre) was added with an OD600 of 3.5 
(about 1g·L-1), and the flasks were incubated at 30°C with 100 rev·min-1 shaking for up to 
64 h. The progress of the fermentation was monitored by weighing the flasks regularly, 
and the ethanol production was calculated from the weight loss. 
RESULTS AND DISCUSSION 
The lignin content in both lignocellulosic materials decreased considerably, after the 
enzymatic sequence applied, concomitantly with increasing laccase doses. For Elephant 
grass, the decreases were about 11, 22 and 32% of the initial lignin content when using 
laccase doses of 10, 25 and 50 U.g-1, respectively. The reduction in eucalypt wood was 
even more pronounced, attaining 32, 34 and 48% with the same laccase doses. The 
treatments with laccase alone (without mediator) slightly decreased the lignin content 
(<5%) in both materials. 
  
Enzymatic Modification of Lignin (as shown by 2D NMR) 
 
The NMR spectra of the whole treated samples at the gel state confirmed the partial 
removal of lignin H, G and S units and a more limited removal of p-coumaric acid present 
in Elephant grass, as shown in the aromatic regions of the HSQC spectra of the Elephant 
grass (Fig. 1B and C) and eucalypt wood (Fig. 1E and F) treated with high and low 
laccase doses, respectively, compared with the corresponding controls (Fig. 1A and D, 
respectively).  
  
Fig. 1. Aromatic region of the HSQC spectra of Elephant grass (top) 
and eucalypt wood (bottom) treated with T. villosa laccase and HBT: A 
and D, Controls without enzyme; B and E, 10 U·g-1 enzyme; and C and 
F, 50 U·g-1 enzyme. 
 
A decrease in the intensity of the main (β-O-4'-linked) lignin side-chains (Fig. 2, A), while 
the amorphous polysaccharide cross-signals remained basically unaffected (crystalline 
cellulose was silent under the present conditions), was also observed in the aliphatic 
region of the spectra (not shown). Semi-quantitative evaluation of the relative 
abundances of the different lignin and cinnamic acid structures (Fig. 2, PCA, FA, H, G, S 
and S') after the enzymatic sequences with different laccase doses is shown in Table 1. 
This evaluation revealed a preferential removal of G (and minor H) units, and the higher 
recalcitrance of cinnamic acids towards laccase treatment (compared with lignin) 
resulting in their accumulation at the highest enzyme doses. However, the most 
noticeable modification observed was the massive formation of Cα-oxidized S lignin units 
during the enzymatic treatment, as revealed by the intensity increase of the characteristic 
13C-1H correlation around 106/7.3 ppm (S'2,6 in Fig. 1). This was especially significant in 
the enzymatically-treated eucalypt wood, and resulted in a very unusual lignin consisting 
of up to 60% oxidized S units (Table 1).  
A B C 
 Table 1. Lignin composition and p-coumaric acid (PCA) and ferulic acid (FA) 
content from the HSQC spectra of the samples treated with three doses of T. 
villosa laccase (and HBT) compared with a control without enzyme and a 
treatment with laccase alone. 
 Lignin composition (%)  Cinnamic/lignin ratio 
 H G S Sox  PCA FA 
Elephant grass        
  Control 3 43 54 0  0.47 <0.005 
  Laccase-HBT (10 U·g-1) 0 34 43 23  0.68 0 
  Laccase-HBT (25 U·g-1) 0 30 53 16  0.82 0 
  Laccase-HBT (50 U·g-1) 0 16 49 35  0.86 0 
  Laccase alone (50 U·g-1) 0 42 58 0  0.66 0 
Eucalypt        
  Control 0 23 77 0  0 0 
  Laccase-HBT (10 U·g-1) 0 0 56 44  0 0 
  Laccase-HBT (25 U·g-1) 0 0 41 59  0 0 
  Laccase-HBT (50 U·g-1) 0 0 40 60  0 0 
  Laccase alone (50 U·g-1) 0 9 91 0  0 0 
  
 
Such extensive oxidation is congruent with the concept of lignin degradation as an 
enzymatic combustion [13], and the Cα modification observed confirms the attack 
mechanism (H atom abstraction from the Cα position) suggested by degradation studies 
using model compounds [14]. 
 
A better understanding of the action mechanisms of lignin-degrading enzymes, when 
acting on lignocellulosic substrates, should contribute to the development of knowledge-
based transformations in future lignocellulose biorefineries [1,2] based on fast-growing 
woody and nonwoody plant species. 
 
 
 
 
Figure 2. Main lignin and cinnamic acid structures identified: A, β-O-4' 
lignin structure (aliphatic region of the spectra); PCA, p-coumaric acid; 
FA, ferulic acid; H, p-hydroxyphenyl unit; G, guaiacyl unit; S, syringyl 
unit; and S', Cα-oxidized S unit (R can be a hydroxyl in carboxylic acids 
or a lignin side-chain in ketones). 
Enzymatic Hydrolysis and Fermentation  
The Elephant grass and eucalypt samples treated with laccase (25 U·g-1), alone and in 
the presence of HBT, were hydrolyzed using a cellulase and β-glucosidase cocktail, and 
the main monosaccharides released (glucose, xylose and arabinose) were analyzed by 
HPLC (total reducing sugars from the DNS assay showed similar tendencies). The effect 
of hydrolysis time was investigated and 72 h hydrolysis was chosen since 
monosaccharide release already stabilized after this time period, and reached 64-71% of 
sample weight for Elephant grass and 35-58% for eucalypt (Table 2). In the case of 
eucalypt wood, the effect of the laccase-HBT treatment increased with cellulase 
hydrolysis times, the highest increases in glucose and xylose releases were obtained 
after 72 h. However, for Elephant grass the highest increases in sugar releases by the 
laccase-mediator treatment were observed after only a 4-h hydrolysis. Interestingly, the 
treatment with laccase alone (without mediator) also slightly increased the hydrolysis 
yields for eucalypt and Elephant grass, with respect to that of the controls.  
 
During the subsequent long-term simultaneous saccharification and fermentation, the 
maximal ethanol production rate (0.32-0.76 g·L-1·h-1) was achieved during the first 17 h, 
although further, a slight production was observed during the remaining period (0.02-0.05 
g·L-1·h-1). The latter is explained by the moderate but significant effect caused by milling. 
In all cases, the highest total ethanol yields were obtained from Elephant grass compared 
with eucalypt wood. The laccase-mediator pretreatment significantly increased ethanol 
production after 17 h of saccharification-fermentation. Interestingly, the enzymatic 
treatment was considerably more efficient improving ethanol production from eucalypt 
(over 4 g·L-1 in 17 h) than from Elephant grass (~2 g·L-1 in 17 h). The presence of the 
mediator seems necessary to improve ethanol production, since treatment with laccase 
alone was useless on Elephant grass, and only caused a very moderate increase in 
ethanol production from eucalypt (0.4 g·L-1 in 17 h).  
 
 
Table 2. Monosaccharide (glucose and xylose) after 72 h (and 4 h, parenthesis) 
hydrolysis (% of sample weight), and ethanol release 64 h (and 17 h, parenthesis) after 
adding the yeast to the cellulase reaction (% of sample weight) from the Elephant grass 
and eucalypt samples treated with laccase-HBT (25 U·g-1) in a sequence including four 
enzymatic treatments (and four alkaline peroxide extractions) compared with a control 
without enzyme and a treatment with laccase alone. Means ± S.D (from triplicates).  
 Hydrolysis  Fermentation 
 Glucose (%) Xylose (%)  Ethanol (%) 
Elephant grass     
  Control 48.4 ± 1.3 (18.6 ± 1.3) 15.7 ± 0.8 (5.5 ± 0.4)  14.1 ± 0.1 (10.7 ± 0.2) 
  Laccase-HBT 54.4 ± 1.3 (35.3 ± 1.6) 16.3 ± 0.6 (9.2 ± 0.5)  16.2 ± 0.6 (12.9 ± 0.1) 
  Laccase alone 49.4 ± 1.2 (20.8 ± 2.7) 16.1 ± 0.4 (5.9 ± 0.6)  13.6 ± 0.6 (10.7 ± 0.2) 
Eucalypt     
  Control 29.4 ± 5.1 (14.0 ± 2.6) 6.0 ± 1.0 (2.6 ± 0.4)  6.3 ± 0.4 (5.5 ± 0.2) 
  Laccase-HBT 47.3 ± 1.5 (17.7 ± 1.1) 10.5 ± 0.2 (3.6 ± 0.2)  12.3 ± 0.2 (10.1 ± 0.1) 
  Laccase alone 33.1 ± 1.1 (13.5 ± 1.6) 7.0 ± 0.3 (2.6 ± 0.4)  7.3 ± 0.9 (5.9 ± 0.1) 
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